The fabrication of optical fibre nanowires by flame-brushing represents a top-down method to reliably manufacture the longest, most robust nanowires from silica and compound glasses. Small surface roughness and long-length diameter homogeneity provide the low-level of loss needed for optical applications. A considerable fraction of the transmitted power propagates in the evanescent field outside of a nanowire allowing the prompt fabrication of high-Q resonators and several sensors.
INTRODUCTION
Nanowires have been manufactured from a variety of materials [1] using several different methods, such as electron beam lithography [2] , bottom-up techniques like chemical/physical vapor deposition [3] and top-down processes like fibre drawing [4, 5] . The use of top-down techniques for the manufacture of nanowires from optical fibres provides the longest, most uniform and robust nanowires [5] . Moreover, the low optical loss associated to the small surface roughness allows the use of nanowires for transmitting light [4] [5] [6] .
Optical fibre nanowires and sub-wavelength wires (OFNSW) are attractive for a variety of promising fibre optic applications because of their enabling optical and mechanical properties. In particular they allow for: (a) large evanescent fields outside their physical boundary, (b) high nonlinearity, (c) strong confinement, (d) lowloss interconnection to fiberized components. OFNSW are fabricated by adiabatically stretching optical fibres and thus preserve the original optical fibre dimensions at their input and output allowing ready splicing to standard fibres. Because of the large evanescent field, when nanowires are coiled the mode propagating in the nanowire is interfering with itself to give a resonator.
In the next sections the latest results on the manufacture of OFNSW from silica and compound glasses are presented, with a particular stress to their optical and mechanical characterization. High-Q factor resonators and their application for biosensors are proposed.
FABRICATION
Three methods have recently emerged for the top-down fabrication of OFNSW from optical fibres: a) A sapphire rod heated by a flame [4] . b) A microfurnace made by a hollow sapphire cylinder heated by a CO2 laser [7] .
c) The flame-brushing technique previously used to manufacture tapers/couplers from optical fibres [5,8-1 0] . 10-1 [4] 10-1 [7] _10-3 [10] Minimum radius nanowires
[nm] 10 [12] -50 [7] -30 [10] Maximum In (a) a pre-tapered fibre is wound on a hot sapphire tip, and drawn further to submicron diameters. Although this methodology has been used to manufacture extremely small-diameter wires, it presents several drawbacks: complex fabrication procedure, relatively high loss (at least ten times more than technique c) and single-sided access to the nanowires.
The process (b) involves inserting an optical fibre into a sapphire capillary tube, which is heated by a CO2
laser beam. This method is very fast, provides nanowires with very short tapers and radii as small as 50nm. Drawbacks of this process include the high loss and the short length of drawn nanowires. (c) is based on a small flame moving under an optical fibre which is stretched (for this reason it is also called flame-brushing). The control of the flame movement and the fibre stretch can define the taper shape to an extremely high degree of accuracy. Nanowires with radii as small as 30 nm have been demonstrated [10] . This
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Nanowires longer than 110 mm have been manufactured using the flame-brushing technique [5] . Figure 1 shows pictures of OFNSW fabricated by this technique. OFNSW size and uniformity have been evaluated using a scanning electron microscope (SEM): size homogeneity has often been within the instrument resolution, while uniformity (defined as the ratio between diameter fluctuations and nanowire length) was better than 10-7. Figure 1 . SEMpictures ofsilica and compound glass OFNSWs. The smallest radius is r-30nm. By using the flame-brushing technique with a microheater as a heat source, OFNSW have been manufactured from a variety of compound-glasses [11] , including telluride, bismuth-silicate, lead-silicate and chalcogenide fibres.
OPTICAL AND MECHANICAL CHARACTERIZATION
In order to measure the total optical loss oc of the OFNSW, light at wavelength k=1550nm was launched into the OFNSW pigtail and the transmitted signal was measured by an InGaAs detector. (see table 1 ), datafor (a) and (b) were extractedfrom references 4 and 7, respectively.
The mechanical strength was measured by adding weights at the bottom extremity of an OFNSW held vertically until fracture occurs. Measurements have been performed on OFNSW with r = 375 nm. The typical stress Ufract (defined as the ratio between weight at fracture and OFNSW section) was in the range of Ufract -10 11 GPa.
As before, it is interesting to note that this value seems considerably higher than that achieved for samples manufactured by method (a), for which the reported tensile strength was 2.5-5 GPa [4] . It is well known that tensile strength in optical fibres is strongly dependent on surface quality; the better mechanical performance of the flame brushing technique could then be explained by the better surface quality (as also shown in table 1).
OPTICAL PROPAGATION, CONFINEMENT AND RESONATORS
In OFNSW the radius r can be considerably smaller than the wavelength X of the propagating beam, therefore the description of light propagation requires an exact solution of Maxwell's equations. Figure 3a shown the fullwidth-at-half-maximum of the amplitude of the propagating beam as calculated in OFNSW manufactured from silica (refractive index at X = 1550 nm n -1.44), lead-silicate (n -1.76) and bismuth silicate (n -2.01). It is interesting to note that after reaching a minimum, the beam expand considerably and in this regime much of the optical power can propagate outside the nanowire physical boundary: for a silica OFNSW with r 130 nm, at X -1550 nm more than 99.9900 of the modal power propagates outside of the wire and the intensity decreases to 10% of its maximum value at a distance of 70 gm from the surface. Since the FWHM is larger than the OFNSW physical dimension, coiling allows the propagating mode to be coupled back into the OFNSW after a round trip. This generates a very compact resonator with extremely high-Q. As an example, figure 3b shows a knot resonator with radius R -45gm. Coil resonators with Q-factors in excess of 105 have been demonstrated.
A SENSOR
The high Q-factors achievable in OFNSW resonators guarantees large storage times for light within the resonator mode and hence long interaction times with any medium in contact with the mode propagating inside the coil. This makes the OFNSW resonator an ideal candidate for sensing applications. Figure 4a shows a possible design for the sensor: an OFNSW is embedded in Teflon and a channel is left in the device centre for the delivery of the chemical/analyte. The embedding process is aimed to increase the device robustness, stabilize its geometry and therefore its optical spectrum. Teflon were assumed to be nOF.= 1.451, na= 1.332 and nt= 1.311, respectively. It is interesting to note that the sensitivity is high when there is a big overlap between the mode propagating in the OFNSW and the analyte.
We.C2.5 ICTON 2007 201 We. C2.5 This happens for a small r and/or a small d. S as high as 700 can be achieved for small OFNSW radii. This value is comparable to the values reported in literature for other biosensors like the hollow-core antiresonant reflecting optical waveguide (ARROW) [13] or gratings [14] . However, the resonance bandwidth in OFNSW is orders of magnitude narrower than in gratings or ARROW devices, meaning that the minimum detectable quantity of analyte is orders of magnitude smaller for the OFNSW.
6. CONCLUSIONS OFNSW fabricated by the flame brushing technique have been shown to exhibit extremely low optical loss and good mechanical properties. A considerable fraction of the bounded mode propagates outside the physical boundary for small radii. This can be exploited to make microcoil resonators with compact design and high Q-factors. A biosensor designed embedding an OFNSW resonator has been proposed: high sensitivity and extremely low minimum-detectable-limit have been predicted for small OFNSW radii.
